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Summary 

The interference susceptibility of a serial-minimum-shift- 
keyed (SMSK) modulation system to an interfering signal 
transmitted through a satellite link with cascaded nonlinear 
elements was investigated through computer simulation. The 
satellite link evaluated in this study represented NASA’s Ad- 
vanced Communications Technology Satellite (ACTS) sys- 
tem. Specifically, nonlinear characteristics were used that had 
specified amplitude-modulation-to-amplitude-modulation 
and amplitude-modulation-to-phase-modulation transfer 
characteristics obtained from the actual ACTS hardware. Two 
measurement scenarios were analyzed: degradation of an 
MSK satellite link from cochannel interference and from ad- 
jacent-channel interference. Interference was evaluated in 
terms of the probability of bit error rate (BEK) versus energy 
per bit over noise power density E\/Sq. 


Introduction 

Modem satellite communications systems suffer from in- 
terferences emanating from various sources as a result of 
sharing the communications spectrum. The interference may 
be caused by a neighboring satellite operating at the same 
frequency (cochannel interference) or at a nearby frequency 
(adjacent-channel interference). Such interference can impair 
overall system performance both in the up- and downlink 
paths. In addition, satellite transponders (high-power ampli- 
fier (HPA) or traveling-wave-tube amplifier (TWTA)) operat- 
ing near or at saturation contribute additional impairments 
through nonlinear distortion. In a highly spectral congested 
satellite system environment, it is often desirable to employ a 
digital modulation system where constant-envelope, continu- 
ous-phase, spectral efficiency and some immunity to nonlin- 
ear distortion generated by satellite transponders is achieved. 
One such modulation scheme that bears all these attributes is 
known as minimum-shift-keyed (MSK) modulation (ref. 1). 

There are two methods of generating the MSK signal. The 
first method is conventional parallel implementation, where 
two half-sinusoid, pulse-shaped data streams are used to pro- 
vide in-phase and quadrature components of the modulated 
carrier. The modulation is obtained by staggering the data 
streams, which are shifted by a one-half symbol period on 
quadrature carriers. The second and simpler method is serial 


implementation (hereinafter referred to as serial MSK or 
SMSK). In this approach, the MSK signal is produced from a 
biphase signal by filtering it with an appropriately designed 
linear time-invariant filter. The mathematical derivations for 
these two methods are presented in references 1 and 2, 
respectively. 

This study investigated the latter method, specifically, the 
performance of a serial MSK modulation system over a 
wideband, hard-limited transponder representative of the 
ACTS channel in the presence of cochannel and adjacent- 
channel interference and additive noise. The performance is 
presented in terms of end-to-end system bit error rate (BER) 
versus the required energy per bit over noise power density 
Eb/No- A computer simulation software package called the 
Signal Processing Worksystem was used to estimate the 
BER. 

The semi-analytical estimation method, which yields the 
fastest computation time (ref. 3), was used to calculate the 
BER. In this method, two assumptions are made. First, it is 
assumed that all system noise sources can be modeled as one 
equivalent noise source by using a Gaussian distribution. And 
second, the system is assumed to be linear at the receiver 
where the Gaussian noise is referenced. Thus, knowing the 
noise distribution to be Gaussian, the probability of bit error 
can be computed by using P e — Q[Sj/cr), where Q is the 
Marcum-Q function, Sj is the noiseless waveform sampled at 
the i th sampling instant, and O is the standard deviation of the 
distribution. In this way, an independent calculation is per- 
formed at each of the N sampling instants. The total probabil- 
ity of error over N trials is then the average of the N indi- 
vidual probabilities. The semi-analytic BER estimation tech- 
nique is described in the next section. 


System Model 

The simplified block diagram of a serial MSK communica- 
tions system model for interference measurement (fig. 1) has 
five major blocks: PN sequence generator, SMSK modula- 
tor, ACTS, SMSK demodulator, and semi-analytic BER esti- 
mator. Each is implemented by the Signal Processing 
Worksystem. The PN sequence generator provides pseudo- 
noise data streams to the SMSK modulator. Two different 
sets of data streams are generated for the “desired” and “in- 
terference” channels. In the serial MSK modulator structure 
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(fig. 2(a), from ref. 4), the incoming bit stream is modulated 
by a binary-phase-shift-keyed (BPSK) modulator with a car- 
rier frequency of fi = fo — 1/4T. The bit stream is then passed 
through a bandpass conversion filter with an impulse re- 
sponse of 

f2sin(27cf 2 t) 0 < t < T 

gw= a) 

[0 otherwise 

where f 2 = fo + 1/4T and fo fi, and f 2 are the apparent carrier, 
mark, and space frequencies, respectively (ref. 4). I have fol- 
lowed this notation throughout this paper. The key element in 
generating serial MSK signaling is the conversion filter. 

The impulse response for the ideal conversion filter, from 
equation (1), can be rewritten as 


characteristics obtained from the ACTS hardware. The low- 
pass filter, which provides channel filtering, is a two-pole 
Butterworth type with a passband edge frequency of 3 Hz. 
No other transmitting-and-receiving filter exists in the sys- 
tem. The average complex power blocks were used to set the 
correct TWT backoff levels. 

The system BER was calculated by a semi-analytic tech- 
nique and is represented by the semi-analytic BER estimator 
block (fig. 4). The magnitude of input to this module repre- 
sents the normalized received BPSK waveform. Hence, with 
the assumption of Gaussian noise in the system, the BER 
could be calculated from (ref. 5): 



g(t) = 


2sin[2jt(f 0 + l/4T)t] 0<t<T 
q otherwise 


and 


g<t) = 2co S [2»(f 0 + 4.].-|]xn(i-i] (2) 

where II(t) A 1, -1/2 < t < 1/2. After mathematic manipula- 
tion, it can be shown that 


g(t) = Re 




T 2 


(3) 


Equation (3) is used to generate gains for each stage of the 
conversion filter. The conversion filter is designed by using 
a simple direct-form realization of the finite impulse response 
filter with N samples per bit (N = 16 was used in this study). 
The corresponding demodulator (fig. 2(b)) is essentially the 
reverse operation of the modulator structure. The theoretical 
aspects of conversion and matched filters are discussed more 
thoroughly in reference 2. 

The ACTS module used in this study mirrors the 
nonlinearity of the actual ACTS system. As shown in fig- 
ure 3, the ACTS module consists of the low-pass filter and 
three cascaded TWT elements, providing hard-limiting ef- 
fects, The three TWT elements — the intermediate-frequency 
(IF) amplifier, the upconverter, and the TWTA — were 
modeled in the same fashion by using a TWT-table module. 
This module is characterized by a look-up table containing 
amplitude-modulation-to-amplitude-modulation (AM/AM) 
and amplitude-modulation-to-phase-modulation (AM/PM) 


where P e is the probability of bit error, E^ is the energy of 
the received signal, and No is the noise power. Thus, as 
shown in figure 4, the received waveform was passed 
through a series of blocks so that it could be put into the form 
of equation (4). The resulting waveform was fed into a 
Marcum-Q function, where the probability that the waveform 
was an error was calculated by using standard normal distri- 
bution. This approach produced a statistically accurate 
(17.5XKT 8 ) estimate of the BER as long as a statistically rep- 
resentative eye diagram was used and optimum sampling 
points were taken. The average BER was then calculated by 
summing all P c values and dividing by the total number of 
samples received. 

Two measurement scenarios were investigated in this 
study. The first scenario simulated cochannel interference 
(CCI), where the secondary channel (or interferer) is trans- 
mitted at the same frequency as the primary channel (or de- 
sired) signal. CCI can be quantified by determining the BER 
as a function of relative interferer power levels. In the second 
scenario, the interferer is transmitted at varying frequencies 
adjacent to the desired signal. Adjacent-channel interference 
(ACI) is quantified by determining the BER as a function of 
channel spacing. The effects of cochannel and adjacent-chan- 
nel interference were measured for both the up- and down- 
link paths. The BER-versus-required-Et/No curve for the 
computer simulation baseline was established as shown in 
figure 5. The back-to-back measurement of the SMSK 
modem, denoted in the figure as “SPW ideal,” closely 
matched the theoretical BER curve. The BER curve of ACTS 
transmission with no interference, denoted as “ACTS path,” 
yielded degradation of 0.5 dB from theory at a BER of 10 -6 . 

Simulation Results for Cochannel Interference 

Cochannel interference was simulated for the relatively 
wideband, hard-limiting transponder represented by the 
ACTS system. Thus, the absence of intersymbol interference 
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was assumed. In this study, four separate interferer power 
levels were used to quantify the BER: -3, -6, -10, and 
-20 dBc. The BER-versus-required-E^/No curves for uplink 
CCI (fig. 6) indicate that the uplink cochannel interferer pro- 
duced virtually no BER degradation at or below —20 dBc, 
about 0.4 dB of degradation at —10 dBc, and about 2.0 dB at 
-6 dBc. As the interferer level increased above -6 dBc, the 
effects of cochannel interference became severe. 

The downlink cochannel interference results for the four 
power levels (fig. 7) show that, as expected, downlink inter- 
ference produced more degradation than uplink interference, 
except at -20 dBc, where the interferer power level was 
assumed to be negligible. For example, the degradation in- 
creased by 0.4 to about 0.8 dB at -10 dBc and by about 
3.7 dB at -6 dBc. The degradation became severe above 
-6 dBc. The lower degradation with uplink interference can 
be attributed to small-signal suppression in the uplink trans- 
mission. That is, when two signals with unequal power are 
passed through a hard-limiting transponder, the signal with 
less power is suppressed. 

Simulation Results for Adjacent-Channel Interference 

Adjacent-channel interference is mainly caused by the 
power spectral spreading of one channel into an adjacent 
channel. Thus, ACI is measured as a function of channel 
spacing and relative power level. In this study, channel spac- 
ing was determined by the apparent carrier frequency of the 
SMSK modulator, which was set to 0.25 Hz. The BER- 
versus-required-Et/No curves for the uplink ACI spaced in 
the frequency domain just above the desired channel are pre- 
sented in figure 8 for the four power levels. They show that 
interferer power levels below —10 dBc caused no measurable 
degradation but that the degradation was 0.2 dB at —6 dBc 
and 1.1 dB at -3 dBc. When the interferer power level was 
equal to that of the desired channel, ACI produced about 
3.0 dB of degradation. Plotting the degradation at BER = 
1CT 6 versus the channel spacing (fig. 9) showed that degrada- 
tion flattened out when the frequency offset was larger than 
1.5 Hz. In theory, the main lobe of the SMSK spectrum is 1.5 
times wider than the data rate. Therefore, if the interferer 
channel is centered at 1.5 Hz or greater, no interference 
should be seen. 

The downlink adjacent-channel results for four power lev- 
els (fig. 10) show no measurable degradation at any power 
level. In ACI the downlink performed better than the uplink 
because the downlink is not affected by nonlinear distortion, 
which only occurs in the uplink. Furthermore, the effect of 
the amplitude and phase nonlinearities is greater than the 
small-signal suppression. The less susceptibility to interfer- 
ence in the downlink for the ACI case is consistent with the 
laboratory measurements presented in reference 6. The deg- 
radation of the BER versus the channel spacing for the down- 
link ACI is shown in figure 11. As seen in the uplink case, 
the amount of degradation was significantly high as the chan- 


nels are packed more closely together. Notice also that the 
degradation decreased until the to 1.5 Hz mark and that no 
measurable degradation occurred thereafter. Overall, the ACI 
measurement shows that interference between channels was 
minimal, provided that the adjacent-channel main lobes did 
not overlap. 


Conclusions 

Several cochannel and adjacent-channel interference deg- 
radation measurements of a serial-minimum-shift-keyed sat- 
ellite system have been presented. These measurements were 
made on a computer simulation by using the ACTS math- 
ematical model. In general, the results indicate that for 
cochannel interference the uplink is less susceptible to 
interference than the downlink because of small-signal sup- 
pression in the uplink transmission. However, for adjacent- 
channel interference the uplink interference produced more 
degradation than the downlink. This follows from the non- 
linear distortion caused by the satellite transponder that 
occurs for the uplink interferes. Furthermore, the effect of 
small-signal suppression, which enhances the uplink trans- 
mission, is less than the nonlinear distortion caused by the 
hard-limiting transponder. It was observed that, for 
cochannel interference, for a bit error rate of 1CT 6 and inter- 
ferer power level at -6 dBc, serial MSK performance is de- 
graded approximately by 2.0 dB and 3.7 dB for uplink and 
downlink, respectively. And for the adjacent-channel inter- 
ference (A = 1.5 Hz) at a bit error rate of 1CT 6 and interferer 
power level at -3 dBc, uplink interference produced 1.1 dB 
of degradation and there was no degradation in the downlink. 
These measurements have shown that the wideband, nonlin- 
ear minimum-shift-keyed satellite channel, in general, per- 
forms well in the interference envimment. 
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Figure 1. — System model, (a) Uplink, (b) Downlink. 
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Figure 3. — ACTS model 
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Figure 4. — Semi -analytic BER estimator. 
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Figure 5. — SMSK transmission baseline. 
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Figure 7. — Downlink cochannel interference. 
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Figure 8. — Uplink adjacent channel interference (Af = 1.5 Hz). 
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Figure 1 1 . — Downlink BER degradation as a function of 
interferer frequency and relative power. 
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